Abstract. Recent advancements in architecture and construction have caused a steady increase in cement consumption. To reduce the dependency on cement resources and minimize waste, various countries have been searching for ways to convert industrial and agricultural wastes into cement substitutes, which could also enhance environmental protection and waste disposal. Bagasse ash is a type of secondary waste from bagasse combustion for power generation. In this study, various amounts of bagasse ash were added to replace a portion of cement materials in making cement mortar. Subsequently, a flowability test was conducted to investigate the flowability of cement mortar at various cement-water ratios and monitoring changes in workability. Under identical conditions, bagasse ash, fly ash, and slag were compared in terms of changes in their workability and setting time. To investigate the effect of the particle structure on the cement mortar flowability, scanning electron microscopy (SEM) was employed to observe the particle structure. Results show that bagasse ash produced from thoroughly washed bagasse did not require any further grinding because the ash particles were smaller than commercial cement or slag powder particles. Thus, the cost of grinding or screening bagasse ash can be minimized by cleaning or ensuring the bagasse is clean before using it to generate power through combustion. Moreover, an uneven surface of bagasse ash was observed in the study, which may be associated with the water retention effect during the blending process. In addition, the particle size of bagasse ash was generally smaller than that of cement. Thus, the bagasse ash reduced the workability of the cement mortar and substantially decreased the initial and final setting time. Therefore, when substituting bagasse ash for a portion of cement, it is recommended to adopt a higher water-colloid ratio (W/B >0.60).
Introduction
Civil and construction engineering demonstrates the advanced productivity and scientific technology of modern society. Technological development has increased the use of cementitious materials as concrete construction materials. Cement is a widely used construction material for its diverse applications, convenience in construction, low cost, abundance, and high level of plasticity [1, 2] . However, as the civil engineering field develops and people begin to emphasize protecting ecological environments, disadvantages of cementitious materials, such as its high energy consumption and poor recyclability characteristics, have gradually become prominent. In particular, the carbon dioxide produced by cement manufacturing accounted for 2.5% of the total carbon emissions by global industries [3] . Moreover, the advantages of cement, such as its low cost and its abundance, have gradually diminished because of depleting resources. Thus, seeking construction materials that can replace or modify cement has recently received considerable attention in the construction material field.
In recent years, the technology of concrete admixture development has enabled for various types of waste to be processed as mineral admixtures to be mixed in cement and concrete. This approach reasonably addresses waste pollution and effectively reduces the cost of cement and concrete production. Thus, many experts and scholars of relevant fields have focused on exploring concrete admixtures [4] [5] [6] [7] [8] . Business waste that can be used as mineral admixtures includes industrial waste (e.g., fly ash [FA] , silica fume, and slag ash [SA] ) and agricultural waste (e.g., rice husk ash, wheat straw ash, palm oil fuel ash, nutshell ash, and bagasse ash [BA]) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
BA is fabricated by burning bagasse, which is produced by sugarcane undergoing multiple dehydration processes in a fossil-fuel power plant. In 1998, Hernandez [22] confirmed that BA possesses high pozzolanic activity. Other scholars have also categorized BA as a pozzolanic material [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Singh [34] and Calligaris [35] have reported that the C-S-H gel generated from a pozzolanic reaction of the active amorphous silicon contained in BA notably improves concrete strength. Frias [36] , Cordeiro [37] , Amin [38] , and Bahurudeen [40] have indicated that the particle fineness of BA is proportional to its activity and substantially improves concrete density and chloride resistivity. Considering economic cost and environmental protection, Akram [41] asserted that adequately using BA can reduce the self-compacting concrete cost without compromising the original quality. Sales (2010) [42] replaced fine aggregate with BA and analyzed the optimal proportion of bagasse ash. Fairbairn (2010) [43] evaluated the development mechanism for reducing carbon dioxide emissions by replacing cement with BA.
These aforementioned studies have conducted experiments based on a single water-cement (w/c) ratio. However, no study has explored the effect of changes in the w/c ratio on BA. Most of the previous studies have not considered that bagasse contains a substantial amount of impurities (e.g., dirt, sand, and stone) that are blended into the BA after bagasse is burned in a power plant. Not knowing or controlling the proportion of impurities in BA affects the reproducibility and authenticity of the experimental data. A portion of the studies have claimed that loss on ignition of BA exceeding 5% can affect the quality and testing results of BA [44] [45] [46] . Thus, the present study primarily used BA burned in a power plant in various addition proportions and w/c ratios to replace cement. The powder status of the BA in this study was compared with that of FA and SA sold on the market. The changes in workability of the BA after it was used to replace cement were explored to determine the optimal addition. Moreover, scanning electron microscopy (SEM) was applied to observe the influence of powder difference and initial and final setting times.
Experimental
The BA specimen used in this study was bagasse that has not been undergone ignition, obtained from the Huwei Sugar Plant in Yunlin, Taiwan. To ensure the quality and reproducibility of the experimental material, as well as to simplify research variables, the experimental bagasse was thoroughly washed to remove sand and dirt before being completely burned into ash in a high-temperature furnace at 500 °C for 3 h. The processed bagasse and BA are shown in Figs. 1.1 and 1.2, respectively. Type I ordinary Portland cement from a Taiwan brand conforming to CNS 61 was used in this study. Standard sand conforming to ASTM C-778 regulations was used to reduce the possible errors that may rise during sample production. During the mixing process, the Type-G water reducer with a water reducing ratio of 15.5% was used to avoid admixture agglomeration during the mixing process.
In this study, three pozzolanic materials, BA, FA, and SA cements, were compared and analyzed regarding their powder-specific gravity and particle size distribution. Subsequently, SEM was employed to analyze the morphology of the three pozzolanic materials, which were used in various proportions to partially replace cement in various specimens. Combining five w/c ratios (i.e., 0.45, 0.50, 0.55, 0.60, and 0.65) and six replacement percentages (i.e., 5%, 10%, 15%, 20%, 25%, and 30%) of the three materials and combining for the control group combinations with the five w/c ratios generated a total of 95 sets of ratio combinations for mixing, flowability testing, and initial and final setting time testing.
The flowability testing process in this study was conducted in accordance with ASTM C230. The initial and final setting time testing process was conducted in accordance with ASTM C191. To completely demonstrate the difference in workability of the three pozzolanic materials, variables, such as flow value and fall number, were incorporated into the equation to calculate the flow coefficient to determine the flowability of the cement mortar. The flow coefficient was calculated as follows:
Flowability number ＝ (mortar flowability diameter (mm) -100) ÷ fall number × 25
Results and Discussion
Morphology Analysis. Table 2 shows the powder-specific gravity of the BA, FA, SA, and cement, indicating that the specific gravities of the BA, FA, and SA were lower than that of cement; particularly, the BA was the lightest. Fig. 3 shows that the BA formed by burning thoroughly washed and dried bagasse at 500°C for 3 h had a powder particle size smaller than that of cement. However, because the BA did not undergo a grinding process, the particle size distribution of the BA was broader than that of the FA, SA, and cement. This verified that bagasse burned after thorough washing can attain a BA particle size similar to that of the ground BA reported in [25, 44] . This is likely caused by storing the dried bagasse as waste at unregulated places, where a great amount of impurities (e.g., dirt, sand, and stone) can mix with the bagasse, thereby influencing the quality of BA. Table 2 . Powder-specific gravity of the BA, FA, SA, and cement. The SEM images of the BA, FA, and SA morphology is shown in Figs. 4 and 6 . The BA morphology was irregular with few spherical particles attached to it. The FA morphology revealed complete spherical particles, whereas the SA morphology revealed broken particles. The morphology of the three types of powder differed substantially; thus, the hydration effect on the powders differed. 
Effect on Flowability
As shown in Fig. 7 , the increased addition of the BA and FA with a w/c ratio of 0.45 gradually decreased workability. The results showed that the BA with a w/c ratio of 0.45 had a water-retention effect, thereby considerably affecting the workability and hydration. The flow coefficient of the BA with a w/c ratio of 0.60 and 0.65 decreased and showed a gentle slope. Therefore, when cement is partially replaced with BA, the corresponding w/c ratio must reach at least 0.60 to reduce the negative effect on workability.
Compared with the flow coefficient of the BA, that of the FA decreased at a slower rate. The SA flow coefficient increased slightly with increased SA addition at a w/c ratio of 0.45. The BA with a 0.50 w/c ratio or higher demonstrated a gradually slower decrease in accordance with the BA addition, revealing an inverse proportion between the BA addition and workability. In addition, the increase in the w/c ratio resulted in a gentle curve relationship between the BA addition and flow coefficients. The addition and flow coefficient curve was clearly elevated for the FA and SA with a w/c ratio of 0.50 and showed an inversely proportional relationship. Compared with that of the SA, the FA flow coefficient curve had slower changes. During cement mortar mixing, water enters the contact surface spacing between powder particles and forms surface tension (Fig. 8) and has an adhesive effect, thereby affecting the flowability of powders. Such an effect depends on factors such as particle shape, particle size, and specific surface area. The more irregular surface and finer particles of BA than those of cement severely influence the BA flowability. Although the FA had the smallest particle size among all the specimens, the particle shape is spherical, thereby drastically improving the workability. Of all the specimens, the SA had the largest particle size and demonstrated broken particles. Additionally, the surface tension and adhesive effect of the SA were the lowest, thereby achieving optimal workability. 
Effect of initial and final setting times
Because the overall particle fineness of BA is smaller than that of cement and BA has a water-retention effect, the initial and final setting times of BA can be reduced substantially compared to that of FA and SA. When the BA replacement level reaches 25% to 30%, the initial and final setting times are approximately half of those of FA and SA. Fig. 9 shows that when the w/c ratio was 0.65, the rapid setting effect of the BA on cement mortar was the most notable. FA and SA can slow the setting time of cement mortars. 
Conclusions
1. The BA fabricated by burning thoroughly washed bagasse was not ground. The powder particle size of such BA is smaller than that of commercial cement and SA. Thus, maintaining the purity of bagasse before burning can save the grinding cost of BA. This study suggested that sugar plants should neither consider dried bagasse as waste nor store it in an unregulated place. Before bagasse is burned in a power plant, it should be considered as a valuable resource and stored in clean areas to avoid adhesion of impurities (e.g., dirt, sand, and stone) to improve the BA quality of use and reduce the processing cost of sieving or grinding after the bagasse is burned in a power plant. 2. The morphology of BA is irregular and attached with few spherical particles. FA contains complete spherical particles, whereas SA contains broken particles. Thus, a great difference can be observed among morphologies of the three material particles, indicating their different hydration influences. 3. The flow coefficient of BA with w/c ratios of 0.60 and 0.65 decreases in a gentle slope. When partially replacing cement with BA, the corresponding w/c ratio must achieve at least 0.60 to reduce the negative effect on workability. 4. The BA irregular surface morphology and particle size finer than that of cement severely influence BA flowability. Although the FA had the smallest particle size among all the specimens, the overall particle is shaped as a sphere, which considerably improves workability. Among all the specimens, SA had the largest particle size and demonstrated broken particles, thereby reaching the lowest surface tension and adhesive effect, as well as achieving the optimal workability. 5. Because BA has an overall particle fineness smaller than that of cement, as well as a water-retention effect, BA can drastically reduce initial and final setting times compared with FA and SA materials. When the BA replacement level reaches 25% to 30%, the initial and final setting times for BA become approximately half of that for FA and SA. In particular, when the w/c ratio reaches 0.65, the rapid setting effect of BA on cement mortars is most notable.
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